A theory is proposed to treat the transcapillary exchange of diffusion-limited substances in the presence of shunt circulation. With the simultaneous use of a nondiffusible indicator to correct for the distribution of intravascular transit and two diffusible indicators with different diffusion coefficients, the triple-indicator method can be used to assess the behavior of the diffusion-limited indicators in the exchange circuit. Application of this theory to data on perfused skeletal muscle allows the calculation of capillary blood flow, indicator extraction, and capillary diffusion capacity in the exchange circuit. The initial extraction of Na and Rb in the exchange circuit before back diffusion occurs shows a biphasic relation to flow rate. As the overall blood flow is increased to 10-15 ml min~] 100 g" 1 , decrease of indicator extraction is associated with an increase of capillary blood flow and a decrease of diffusion capacity in the exchange circuit. The increase of indicator extraction at higher flows is attributable to an increase of diffusion capacity in the exchange circuit. The biphasic changes in capillary diffusion capacity with blood flow has been attributed to the influences of metabolic factors and distending pressure.
KEY WORDS indicator dilution capillary blood flow capillary permeability extraction of Na and Rb indicator diffusion diffusion capacity • Since the studies by Renkin (1, 2) , the transcapillary exchange of many diffusible substances has been quantified from their fractional extraction during passage through the microcirculation. In the original method (2) , the capillary diffusion capacity was calculated from the steady-state extraction of the diffusible indicator during its continuous infusion. With the combined use of diffusible and nondiffusible indicators, it has become possible to determine the dynamic extraction of the diffusible indicator also in the non-steady state (3) (4) (5) (6) . The incomplete extraction of the diffusible indicator is generally attributable to either (a) the presence of shunt circuits in which there is no transcapillary exchange or (b) a low diffusibility of the indicator through the capillary wall (7) . Therefore, according to the interpretation by the investigators, the extraction data have been used to calculate either (a) the partitioning of blood flow into shunt and nutritive circuits (8) or (b) the capillary diffusion capacity (2, 9) , but there has not been a combined treatment of both factors. If shunt circuits (either anatomical or physiological) are present in the circulation, then the extraction of a diffusion-limited indicator would be subjected to both flow partitioning and diffusion limitation, and hence these two factors should be considered at the same time. A method for the simultaneous evaluation of these factors from multiple indicator dilution curves is proposed in this paper. Following theoretical considerations, the method will be 174 CHIEN applied to data available in the literature (9) .
Theory
The microcirculation is considered as consisting of two types of parallel circuits: a shunt circuit through which no transcapillary exchange occurs and an exchange capillary circuit through which transcapillary transfer takes place (Fig. 1 ). The shunt circuit is not limited to anatomical shunts and it also includes physiological "shunts," e.g., short capillaries which possess inadequate diffusion capacities relative to their flow (10) . Thus the total flow through the organ (Q) can be partitioned into a shunt flow (Q,) and a capillary flow (Q c )'-
where q e and q 0 are the fractional flows through the shunts and the exchanging capillaries, respectively. In a steady state the flow through the region is taken to be constant. The present paper will consider the dilution (or diffusion) curves of three indicators following their simultaneous, continuous infusion. Two types of combinations of indicators will be discussed. We first consider the combined use of a nondiffusible reference indicator (N), an indicator which diffuses freely across exchanging capillary walls (D), and an indicator which undergoes limited diffusion (L). The arterial concentrations of these indicators (A s , A D and A L , respectively) are constants during infusion, and their venous concentrations, V N (t), V D (t) and V L (t), respectively, vary with time. The venous concentrations for each indicator divided by the corresponding arterial values give the normalized concentrations C(t), which represent the fractional recovery of each indicator:
(3)
The fractional recovery of the nondiffusible indicator N represents the cumulative distribution function of intravascular transit time and rises with time to reach unity (11), when the blood concentration of N throughout the circulation is equal to that in the arterial inflow. Before C N (t) reaches unity, to evaluate the transcapillary diffusion of indicators D and L, their fractional recoveries are divided by C s (t) to correct for the distribution of intravasculax transit. Thus, the dynamic extraction (E) of the diffusible indicators, which represents the fraction of arterial indicator that has diffused out of the capillaries, can be calculated as:
These extraction values shown in Eqs. 6 and 7 are obtained for the entire circulation, including both the exchanging capillary and the shunt circuits.
Several simplifying assumptions have been made in the present treatment of extraction data obtained in the early part of the indicator dilution curve. Thus, the distribution of transit time through different capillaries has been ignored, and the model implies a uniform capillary transit time. Furthermore, it is assumed that the extracted diffusible indicators (D, L, and M in Fig. 1 ) do not show an early outflow emergence, e.g., that due to diffusional interaction between capillaries (12) or longitudinal diffusion parallel to capillaries (13) (14) (15) . It is recognized that the assumptions may not be met in the actual microcirculation, but further refinement or modification of the simplified model proposed here may later lead to a more complete theory which obviates these assumptions. The assumption of a delayed outflow arrival would be valid for the freely diffusible indicator if the substance shows the type of behavior described by Goresky (16) . Theoretical considerations (17, 18) , however, have demonstrated that it is possible for the extracted indicators to show a significant return even in the early samples.
Under the above assumptions, the freely diffusible indicator, D, is completely extracted during early transit through the exchanging capillary circuit:
(8) The extraction through the shunt circuit (En*), by definition, is zero:
The overall extraction can thus be calculated with the consideration of fractionation of flow into the exchange circuit and the shunt circuit (Eq.2):
Er,(t) = q,.XE»,.(t) + q,X E n .(t); (10) i.e., E n (t)=q e .
Therefore, the extraction of the freely diffusible indicator (calculated as in Eq. 6) gives a measure of the fraction of blood flow through the exchange circuit. For the indicator L with diffusion limitation, the extraction through the exchange circuit (Etc) is incomplete (less than unity). With the assumption of the absence of an early outflow emergence, the overall extraction of L can be calculated as:
Since there is no extraction of L in the shunt circuit, lM (0=0, (13) it follows that
Therefore, the extraction of the diffusionlimited indicator through the exchange circuit can be calculated from the overall extraction values of the diffusion-Hmited and the freely diffusible indicators, i.e., from Eqs. 11 and 14:
This value of Ei O (t) can then be used in the equation for calculation (2) of capillary diffusion capacity (or the permeability-surface area product, PS) for L:
or
According to Goresky et al. (18) the calculation of a single value of PS in this manner implies that capillaries with different lengths must have common values either for S or for the transit time.
The above considerations on the diffusionlimited indicator, L, can be extended to other indicators (e.g., M) which also undergo limited diffusion, but to different degrees. According to Eqs. 5 and 7, respectively, the following equations are obtained for M:
According to Eqs. 15 and 18:
The relative capillary diffusion capacity for the two diffusion-limited indicators, L and M, in the exchange circuit is, according to Eqs. 18 and 22: The capillary diffusion capacity can be expressed as (19):
where K is the diffusion coefficient, S is the exchange surface area, and x represents the membrane thickness. In the presence of restricted diffusion (20), K is the restricted diffusion coefficient which takes into account the apparent reduction in available diffusion area (19) . When two indicators are studied simultaneously, S/x can be assumed to be the same and the ratio of PS products is then equal to the ratio of the diffusion coefficients. Thus Eq. 23 becomes:
the fastest arteriovenous transit. These results, therefore, are not representative of the behavior of the entire vascular bed unless the transit time is uniform in all capillaries.
In Table 2 in reference 9, the earliest extraction ratios for Na and Rb (E [0] Na and E [0] Rb in the table and referred to as E Na and E, tt> respectively here) are given for experiments 4, 5, and 6. In Figures 2A and 2B , these extraction ratios are plotted against the flow rate. For experiment 5, which covers a wide range of flow rate, E Sa and E Ri are near 0.8 at the lowest flow rate and decrease to low plateau values of almost 0.2 at high flows. The extraction values in experiments 4 and 6 are
K L /K i{ =ln[l-E L (t)/En(t)]/ln[l~E 3[ (t)/E n (t)]
or Therefore, when the dilution curves of two diffusion-limited indicators (L and M) and a nondiffusible indicator (N) are simultaneously obtained and when K L jK u is known, E D (t) is the only unknown in Eq. 26. Hence En(t), which is equal to the fractional flow through the exchange capillaries (q c , Eq. 11), can be calculated from the dilution curves of L, M and N without the need of the freely diffusible indicator D. Once E D (t) is obtained, this value can then be used for calculation of the capillary diffusion capacities and the extraction ratios of the diffusion-limited indicators in the exchange circuit (Eqs. 15, 18, 21, and 22).
Calculations and Interpretations
The experiments of Yudilevich et al. (9) on perfused gracilis muscle of the dog will be used to illustrate the present theory. In these experiments B9 Fe-siderophiun was used as a nondiffusible indicator, and 22 Na and 88 Rb were used as indicators undergoing limited diffusion. Hence the subscripts N, M, and L used in the Theory section are equivalent to Fe, Rb, and Na respectively. The present calculations are based on the earliest extraction data which, as pointed out by Yudilevich et al. (9) , reflect the behavior of capillaries with (25) (26) higher than those in experiment 5, and the combined results on these two experiments indicate a trend similar to that in experiment 5. The ratio E s JE R b is near unity at low flows and decreases to a minimum of approximately 0.8 at 10-15 ml mirr 1 100 g" 1 (Fig.  2C ). Further increases in flow cause a rise in Exa/Ejti,.
With the use of a value of 0.74 as the ratio of diffusion coefficients K Ka /Kn,,, Eq. 26 can be written as: The value of 0.74 is obtained from the ratio 0.78 of free diffusion coefficients of NaCl to RbCl (21) corrected for the relative restriction of diffusion through 45 A pores (19) . With the use of Eq. 28, for each experiment at each flow rate, the fractional flow through the exchange capillaries, q c , can be calculated from the pair of E lV(l and E ltll values (Fig. 2) . The flow rate through the exchange capillaries is calculated as: Q,= Q Xq r (29) and plotted against the total perfusion flow rate, Q, in Figure 3A increases with Q as the latter rises to approximately 15 ml min" 1 100 g-\ above which Q o appears to remain essentially constant. Experiments 4 and 6 yield higher Q c than experiment 5 at given Q. The combined results on these two experiments suggest a similar trend of variations in Q c with Q as in experiment 5 (Fig. 3A) .
The capillary diffusion capacities for Na and Rb in the exchange circuit (Eqs. 18 and 22) are shown in Figure 3B . Since PS Na /PS RI> = K x JK Bb -0.74, both PS values can be represented by the same data points with adjusted ordinates at a ratio of 0.74. The results indicate that the PS product decreases with increasing flow rate up to 10-15 ml Effects of variations in total blood flow on flow through exchange capillaries (A), capillary diffusion capacity for Na and Rb (B), and the fractional extraction of Na (C) and Rb (D) in exchange capillaries. Same experiments as those in Figure 2 . In experiment 6 one data point is omitted because no solution exists for q 0 in Eq. 28. The same point is also omitted from Figure 2 .
min" 1 100 g" 1 , beyond which the PS product increases with rising flow rate.
The extraction ratios of Na and Rb in the exchange circuit also show inverse bell relations with flow rate (Figs. 3C and 3D) . With an increase in flow rate to 10-15 ml mur 1 100 g" 1 , as Q c increases (Fig. 3A) and PS products decrease (Fig. 3B) , the extraction ratios of Na and Rb in the exchange circuit decrease progressively to reach minimum values of 0.45 and 0.55, respectively ( Figs. 3C and 3D ). With further increases in perfusion flow rate, Q c tends to remain constant (Fig. 3A) and PS products increase (Fig. 3B ). Therefore, with flow rates above 15 ml min-1 100 g-\ the extraction ratios increase progressively to approach unity again ( Figs. 3C and 3D ). Since ExJEn shows a greater variation with flow rate than E«n/£n ( Figs. 3C and 3D ), E N JE R » also has a biphasic relation with flow (Fig. 2C) . The data in Figure 3 are obtained with KiiJKjn, corrected for restricted diffusion. If the uncorrected value of 0.78 is used instead of 0.74, the calculated E D value becomes slightly higher (average increase of 0.09), and the PS values become slightly lower (average decrease of 9%). The general shapes of the curves shown in Figure 3 , however, are not altered when 0.78 is used as KuJK-Kh-
Discussion
Without correction for shunt flow, the overall extractions of Na and Rb decrease with increases in blood flow ( Figs. 2A and  2B ). When the present theory is used to calculate the extraction of these substances in the exchange circuit, however, E Na IE D and E Rb /E n are found to have a biphasic relation to blood flow ( Figs. 3C and 3D ). In accordance with Eqs. 30 and 31, these variations in extraction can be explained on the basis of alterations in exchange capillary flow and capillary diffusion capacity (Figs. 3A and 3B). The ratio PSlQ 0 decreases with increasing flow up to 10-15 ml min-1 100 g-\ above which PS/Q C increases. The biphasic relation between capillary diffusion capacity and blood flow ( Roles of pressure and metabolism in determining the effect of blood flow on transcapillary exchange. The solid line represents the capillary diffusion capacity of experiment 5 in Figure 3B . With the use of a restricted diffusion coefficient of 10~3 cm'/min for NaCl (19, 21) , the capillary diffusion capacity (ordinate on the right) can be converted to the ratio of capillary area to thickness (ordinaie on the left).
ities for Na and Rb in experiment 5 of Figure  3B are plotted against flow in Figure 4 (solid line). The ordinate on the right is shared by PS* 0 and PSM (PS Na = 0.74 PS* C ). Since these PS values are proportional to S/x by the diffusion coefficient (Eq. 24), the ordinate on the left has been established for S/x, the ratio of capillary exchange area to thickness. At near zero blood flow, the accumulation of tissue metabolites and hypoxia cause vasodilation and opening of exchange capillaries which are closed at normal flow rates (22). This metabolic factor is reduced as flow increases (Fig. 4 ). With increases in perfusion flow rate, the perfusion pressure rises to cause vascular distention and opening of new exchange capillaries. This pressure effect should become increasingly prominent at high flows (Fig. 4) . Thus the overall change in capillary diffusion capacity can be attributed to the sum of the metabolic effect and the pressure effect. This biphasic relation between capillary diffusion capacity and blood flow is similar to that seen in other types of physiological phenomena, e.g., the influence of hematocrit on the cardiac work needed for oxygen transport and the relation between respiratory work and respiratory rate at a CircuUtion ResMTch, Vol. XXIX, Angxst 1971 given alveolar ventilation. The above considerations on the effects of metabolism and pressure on capillary diffusion capacity (Fig.  4) apply to the resting muscle. During exercise, the increase in metabolism would be superimposed on the pressure effect to further increase capillary diffusion capacity at high flows.
As pointed out in the Theory section, the "shunt" circuit in the present treatment is not limited to anatomical shunts and also includes physiological shunts. Detailed exploration of the microcirculation in skeletal muscle has failed to demonstrate morphological shunts (23). Physiological shunts may exist in some short capillaries with a low ratio of diffusion capacity to flow (10) . In a mathematical treatment of intracapillary radial diffusion, Pollock and Blum (24) concluded that "central core" shunting was rather unlikely under ordinary conditions of capillary flow. With very high flow rates, however, there may possibly be a central core not subjected to indicator extraction and behaving as a shunt flow. The present model assumes the absence of early outflow emergence of diffusible indicators by diffusional interaction between capillaries and longitudinal diffusion (see Theory). The occurrence of such early emergence in the real circulation may lead to a higher value of "shunt flow" as calculated here. Further modification of this theory and incorporation of other models may serve to separate out the contributions of these factors to the calculated shunt flow.
Thus, with the application of the present theory to existing experimental data in the literature (9) , it has been possible to partition the total flow into shunt and exchange circuits and to assess indicator diffusion in exchange capillaries. The calculated extraction ratios and capillary diffusion capacities show a dependence on flow rates which can be explained by known physiological factors regulating the microcirculation. These results serve to support the proposed theory and demonstrate its usefulness. Although the theory is presented for three indicators, it can be applied to a larger number of indicators, Circulation Research, Vol. XXIX, August 1971 one of which should be the nondiffusible reference. Under such circumstances, the validity of the theory can be further tested, and it may then become possible also to estimate such information as the relative restriction of diffusion of various indicators and hence the capillary pore size.
